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Summary
Objective: To establish the correlation between the non-invasive imaging by magnetic resonance microscopy (MRI) and the histological
imaging by polarized light microscopy (PLM) accurately, quantitatively, at the highest possible MRI resolution (13.7 m), and based on the
same piece of tissue (articular cartilage from canine shoulder joint).
Design: In MRI experiments, the laminar appearance (the magic angle effect) of the proton intensity images and the anisotropic
characteristics of the T2 relaxation images were analysed. In PLM experiments, the images of the optical retardation and collagen-fibre
orientation in cartilage were constructed in two dimensions.
Results: The T2 profile has a distinctly asymmetric bell-shaped curve and three featured zones. The retardation profile has a non-zero
minimum at the middle of the transitional zone of the tissue. The angle profile has a smooth variation across the transitional zone. These facts
suggest that the collagen fibres in the transitional zone are not entirely random but have a residual order. In addition, the peak of the T2 profile
coincides with the minimum of the retardation profile, both represent the most isotropic region of the tissue. A hyperbolic tangent function was
found to best describe the transition of the collagen fibres in cartilage. A set of criteria was developed for each technique to define the
features in the quantitative measurements.
Conclusions: The criteria offer, for the first time, a set of quantitative and objective means to subdivide the tissue thickness into the zones
in histology and in MRI. It is shown that the MRI zones based on the T2 characteristics are statistically equivalent to the histological zones
based on the collagen fibre orientation (t-probabilities of 0.730, 0.973, 0.647, 0.850 for the superficial, transitional, radial zones and the total
thickness). © 2001 OsteoArthritis Research Society International
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The studies of articular cartilage and its degradation are
motivated by the role of cartilage in the development of
osteoarthritis (OA), a disease affecting an increasing por-
tion of the human population1. Hyaline articular cartilage
consists of chondrocytes embedded in an extracellular
matrix that is comprised mainly of collagen in the form of a
rigid three-dimensional (3D) meshwork of triple-helical
fibrils, proteoglycans with heavily sulfated chains of gly-
cosaminoglycans (GAGs), and water molecules2–4. The
collagen fibres have a well-organized ultra-structure, which
has been used as the basis to subdivide non-calcified
cartilage into three histological zones5,6. Starting from the
articular surface, these three zones are the superficial393(tangential) zone where the fibres are mostly parallel to the
surface, the transitional (intermediate) zone where the
fibres are believed to be random, and the radial (deep)
zone where the fibres are oriented perpendicularly to the
surface. The cartilage is interfaced to the underlying
subchondral bone via a calcified layer. Because of its
collagenous architecture, articular cartilage is an aniso-
tropic material that exhibits different properties depending
upon the directional axis in which it is observed.
Polarized light microscopy (PLM) is probably the most
commonly used conventional imaging technique that can
describe the collagen ultra-structure in cartilage. The PLM
technique uses a physical optical property of the collagen
fibres, namely the birefringence, to indirectly describe the
morphological features of the collagen fibres in cartilage7,8.
By various means of optical compensations, PLM can
provide an indirect overview of the orientation of the colla-
gen fibres. In addition, it is also possible in PLM to measure
the optical path difference between the electric and mag-
netic fields emerging from the sample and entering the
sample8,9. This difference is termed the retardation ()
and is usually expressed in linear distance (nanometers,
or nm).
394 Y. Xia et al.: MRI and histology correlation of cartilageMaterial and methodsFig. 1. The photo of an opened right shoulder joint: the scapula (left) and the humerus (right). The specimens were harvested from
the humeral head. (The small gray spots on the scapula were from the process of the photographic film. The bright elliptical patterns on the
scapula and humerus were the reflections from the lights in the lab. The joint was clean and normal.)CARTILAGE SAMPLES
A right shoulder joint was obtained from an eight-
month-old dog (female, a cross of 3/4 Greyhound and 1/4
Labrador retriever) and frozen at −80°C immediately after
necropsy. The animal was healthy and sacrificed for an
unrelated experimental study. The joint was later thawed at
4°C and opened at room temperature (Fig. 1). Slices of
about 1.5–2 mm thickness were cut from the humeral head
using a table-top band-saw in our lab [Fig. 2(a)]. Three
cartilage–bone plugs were cut from each slice and the first
two plugs with a relatively flat surface were used in the
experiments [Fig. 2(b)]. Therefore, a total of six samples
were used in this study. A marker was placed on each plugMagnetic resonance imaging (MRI) has been used
clinically in the last decades to diagnose the cartilage
diseases10–12. Previous MRI studies of articular cartilage
have shown that normal articular cartilage can appear
laminated when placed at certain orientations with respect
to the external magnetic field (B0), a phenomenon
known as the laminar appearance of articular cartilage in
MRI13–16. When the normal axis of the articular surface of
the tissue (the radial direction) is approximately 55° with
respect to B0, the cartilage does not appear laminated but
appears homogeneous and brighter than at other angles.
Because the angle of 54.74° is known as the magic angle in
nuclear magnetic resonance (NMR), this disappearance of
the cartilage laminae associated with the 55° angle is
known as the magic angle effect in MRI of cartilage, which
was discussed extensively in a recent review article16. The
correlation of the MRI laminar appearance with histological
findings has been studied in the past17–23, but the findings
were inconsistent.
Routine clinical MRI can only detect large degenerative
changes in articular cartilage because of its low spatial
resolution24. With the scaling down of the receiver coil and
fine-tuning of the instrument, the pixel resolution of MRI can
be as fine as 10 m, hence the term of NMR microscopy
(microscopic MRI, or MRI)25,26. The ability to produce
microscopic-resolution images of molecular-level environ-
ments and activities such as relaxations and self-
diffusion10,27–29 distinguishes MRI from other microscopic
imaging methods such as ultrasound and infrared imaging
or computer tomography. In several recent MRI studies at
13.7 m pixel resolution, we have shown that canine articu-
lar cartilage possesses a distinct T2 anisotropy that is linked
closely to the local collagen ultra-structure, and to the
water-proteoglycan interaction that ‘amplifies’ the prevailing
directional orientation of the collagen fibres by influencing
the mobility of water30,31. We have also identified three MRI
regions across the depth of the cartilage, each region
having some unique characteristic features30. The obser-
vation of these distinct MRI regions based on the T2
relaxation profile is analogous to the identification of histo-
logical zones in conventional PLM based on the collagenfibre orientation. These findings lead us to the conclusion
that it is now possible to study the tissue structures and
molecular activities in individual regions of the tissue using
MRI.
The goal of this study is three-fold. First, we want to
analyse the characteristics of MRI T2 anisotropy in the
tissue in detail. Our aim is to establish a set of criteria to
subdivide the tissue as seen in MRI into several MRI
‘zones’, objectively and quantitatively. Second, we want to
measure not only the optical retardation of the histological
sections but also the orientation of the collagen fibres in the
tissue using PLM. Our aim is to obtain a second set of
tissue zone-divisions from an independent and conven-
tional technique, also objectively and quantitatively. Third,
and most importantly, we want to establish the correlation
between the non-invasive imaging by MRI and the con-
ventional imaging by PLM. We want to establish this
correlation accurately and quantitatively, at the highest
possible MRI resolution and based on the same piece of
tissue. Until now, a precise and quantitative link between
the newly-developed MRI techniques and the widely-used
histological techniques based on the same tissue specimen
has not been established.
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surface. The plugs, consisting of the full thickness of the
articular cartilage attached to the underlying bone, were
bathed in physiological saline and sealed in precision NMR
tubes with an internal diameter of 2.34 mm (Wilmad Glass,
Buena, NJ). The samples in the glass tubes were placed at
room temperature for about 4 h before the MRI exper-
iments. The Institutional Review Boards have approved the
protocols handling the animal subjects.MICROSCOPIC MRI (MRI) PROTOCOL
The MRI experiments were performed on a Bruker AMX
300 NMR spectrometer equipped with a 7-Tesla/89-mm
vertical-bore superconducting magnet and micro-imaging
accessory (Bruker Instruments, Billerica, MA). Quantitative
T2-imaging experiments used a magnetization-prepared
T2-imaging sequence15, which has two well-separated tim-
ing segments: a leading T2-weighting segment that con-
tains no gradient pulse and a subsequent imaging segment
in which all timings are kept constant. Because only the
timing of the leading segment is altered during the exper-
iments, the effect of T2 weighting during the leading con-
trast segment can be calculated unambiguously. The echo
time (TE) of the leading contrast segment (TEc) had four
increments (0, 16, 30, 60 ms); the TE of the imaging
segment (TEi) was 8.86 ms; and the repetition time (TR) of
the experiments was 2 s. (Later in the text, the labels of
Proton 1 to Proton 4 refer to the four proton images
acquired with the four T2-weightings.) The T2 relaxation
was calculated by a single exponential fitting of the data on
a pixel-by-pixel basis. The in-plane pixel resolution, which
was across the depth of the cartilage tissue, was 13.7 m,
and the slice thickness was 1 mm. In the study reported
here, the T2 imaging experiments were repeated for each
cartilage-bone plug placed at a series of angular orien-
tations with respect to B0. The selected orientations
compose a series of discrete sampling points along the
geometrical factor (3cos2−1) that dominates the non-zero
dipolar Hamiltonian [Fig. 3(c)]30. The angle  is defined asHISTOLOGICAL PREPARATION FOR POLARIZED LIGHT
MICROSCOPY (PLM)
In light microscopy, cartilage is often stained in dyes
such as picrosirius red32, alcian blue33, or toluidine blue34
to enhance the contrast of the matrix components. How-
ever, in the present study we chose to use unstained
sections for several reasons: the glycosaminoglycans in
cartilage are known to have a minor but not insignificant
contribution to the birefringence of stained tissue35; stain-
ing with picrosirius red enhances the observed retardance,
thus distorting quantitative measurements35; and the com-
puterized imaging system which we used with PLM pro-
vided sufficient sensitivity for the range of retardances
observed here. After the MRI experiments, the cartilage–
bone plug was cut approximately at the same location of
the imaging slice so that the same plane that had just been
examined by MRI could be examined by histology. A
marker was then created on each half of the plug to identify
the end of the imaging plane. The specimens were pre-
pared using the standard histological methods: fixed in 4%
Formol-cetylpyridinium Chloride (CPC) overnight, decalci-
fied in 10% EDTA (pH 7.4) for 11 days with four changes of
the solutions, and washed in tap water for 8 h. After alcohol
dehydration, the specimens were infiltrated, embedded in
paraffin, and sectioned at 6 m thickness with a microtome
(Microm GmbH, Walldorf, Germany). After drying thor-
oughly, the sections were cleared in three changes of
xylene, 5 min each. We examined carefully 10–14 histo-
logical sections from the MRI imaging plane of each
cartilage–bone plug and did not observe any major vari-
ation in the general pattern of collagen fibre orientation. We
therefore concluded that the overall collagen orientation of
the cartilage–bone plug did not vary significantly within the
1 mm MRI slice thickness.Fig. 2. (a) The schematic of the joint surface with the locations
of the cartilage-bone plugs. The two arrows point to the slice
locations for both MRI and histology studies. (b) The photo of the
C0 slice showing the locations of three cartilage–bone plugs. The
first two plugs in each slice were used in the experiments.POLARIZED LIGHT MICROSCOPY PROTOCOL
Our PLM system was similar to that described in earlier
studies9,36, briefly summarized as follows. A thermoelectri-
cally cooled Sensys CCD camera (Photometrics, Tucson,
AZ) was mounted on a Leica DM RXP Polarized Light
Microscope (Leica Microsystems Wetzlar GmbH, Wetzlar,
Germany). Monochromatic light with a wavelength () of
546 nm (1/2=10 nm) was used for the illumination of the
specimens. The CCD camera produced 12-bits images
with 1317 by 1035 pixels. The output of the CCD camera
was digitized and sent to a personal computer (Power
Macintosh G3/266, Apple Computers, Cupertino, CA)
via the SCSI interface. Image acquisition and analysis
were performed using commercial software (IPLabY,
Scanalytics, Fairfax, VA).
In our PLM studies, we wanted no a priori assumption
that the collagen fibres in the tissue must be 90° apart in
the superficial zone and the radial zone. Furthermore, we
wanted to measure not only the optical retardation in the
specimen but also the angular orientation of the fibres
in the tissue on a pixel-by-pixel basis. In addition, we
wanted no manual/mechanical motion during the imaging
of any one specimen. We have adapted the method ofthe angle between the normal to the articular surface (i.e.,
the radial direction of the surface) and the direction of the
B0 field [Fig. 3(d)]. Other experimental details have been
described earlier15,30.
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circular polarized light was used with a special compen-
sator (Cambridge Research and Instrumentation Inc.,
Cambridge, MA) consisting of two liquid crystal retarders
such that the retardances of each could be varied separ-
ately under computer control. This allows compensation of
birefringent specimen elements of any orientation without
rotation of the specimen or mechanical movement of
the optical components in the light path. According to
the prescription of Oldenbourg and Mei, four different
retardance settings of the compensator were used to
acquire four specimen images and four background
images, which were then used to calculate background-
corrected images representing retardance and angular
orientation36. A comparison was made between this
method and the computer-based retardation measurement
of Arokoski9, as well as with manual compensation, using
sections of bovine tendon with well-defined collagen
organization, the results being in good agreement. A
retardance sensitivity of 0.32±0.17 nm was found in our
system at 5×magnification (the rms noise level±the stan-
dard deviation of the noise level). The pixel resolution in our
PLM measurements was 2.72 m by 2.72 m.Fig. 3. The four proton images of Plug C02 with four different T2-weightings and at two different orientations: 1° in (a) and 53.5° in (b). The
last image in each row is the T2 image in ms calculated using the four T2-weighted images. The images were displayed using the same
intensity thresholds. Arrows S1 and S2 in the proton images indicate the two boundary laminae: cartilage with the saline and cartilage with
the bone. (c) The curve of (3cos2−1) between 0° and 180°. The tissue experiences the strongest influence by (3cos2−1) at 0° (and 180°)
and the weakest influence by (3cos2−1) at the magic angles 54.7° and 125.3°. The crosses along the (3cos2−1) curve were the angles
at which the imaging experiments were conducted. (d) The definition of the angle  in the MRI experiments.DATA ANALYSIS AND PRESENTATION
The results of this study are presented both as two-
dimensional (2D) images and as one-dimensional (1D)
cross-sectional profiles through the depth of the cartilage
tissue. The cross-sectional profiles enable us to examine
the results quantitatively and to compare the profiles from
different imaging experiments. To enhance the signal-to-
noise ratio of the 1D profiles, parallel neighbouring columns
of data from a rectangular region-of-interest (ROI) in the 2D
images were averaged to obtain the 1D cross-sectional
profiles presented in this report. The width and the location
of the ROI were approximately the same in both MRI and
PLM. All 1D profiles in a comparative plot shown in this
study were processed with identical data-processing pro-
cedures. No manual scaling or adjustment was made when
plotting several cross-sectional profiles, which came from
independent experiments, into one graph. (In the descrip-
tions related to the data analysis and presentation in this
manuscript, the word ‘column’ refers to a single-pixel-wide
1D data array; the word ‘profile’ refers to a 1D data
array averaged from the parallel columns of data within a
rectangular ROI.)
Osteoarthritis and Cartilage Vol. 9, No. 5 397ResultsFig. 4. (a) The proton intensity profiles of Plug C02 shown in Fig. 3.
Proton 1 is the profile from the image with TEi=8.862 ms and
TEc=0 ms; Proton 3 is the profile from the images with
TEi=8.862 ms and TEc=30 ms. The solid arrows indicate the
surface boundary lamina S1 and S1′; the hollow arrows indicate
the high intensity lamina in the tissue. Note that the individual
laminar bands in MRI is poorly demarcated. (b) The T2 profiles of
Plug C02 in the first quadrant of the angle rotation. The error bars
were the standard deviations from the average of the parallel
neighbouring columns in the images. Note that the cartilage tissue
can be conceptually divided, according to the features in the T2
profiles from MRI, into three featured regions, labelled as 1, 2, 330,
along the depth of the tissue, The feature labelled as a is
discussed in Discussion.THE MRI RESULTS
A classic laminar appearance of the cartilage tissue was
found for all six plugs, as illustrated in Fig. 3 for the two
extreme orientations of the tissue in the magnetic field. For
the shortest TE and at =0, the images could be seen as
bi-laminar with a high/low intensity pattern: high in the
upper (surface) portion of the tissue and low in the lower
(deep) portion of the tissue. For long TEs and at =0, an
additional low-intensity lamina is evident at the boundary
between the tissue and the surrounding saline (arrow
S1)16. If this surface lamina is counted as the first MRI
lamina, then the tissue at longer TEs appears to have a
tri-laminar intensity pattern of low/high/low. The length of
TE (or the amount of the T2 weighting), hence, can change
the appearance of cartilage in MRI between bi-laminar and
tri-laminar. When  is close to the magic angles, the tissue
appears homogenous in MRI because of the minimization
of the nuclear dipolar interaction [i.e., (3cos2−1)=0, as
shown in Fig. 3(c)]. At each orientation, images were
acquired at four different T2 weightings so that a quantita-
tive T2 map can be calculated for each orientation15. It is
evident from Fig. 3(a) and (b) that there is no visible
variation laterally within the tissue in both the proton
images and T2 images. Hence, the average of the neigh-
bouring data columns is reasonable and the 1D profiles can
be used as a faithful representation of the 2D images for a
more detailed examination. The features in all 2D images
and 1D profiles are consistent in all six samples. These
features are also consistent with those described in our
earlier studies15,30.
The results from Plug C02 are shown in Figs 4 and 5 as
the representation of all six specimens. Clearly, the profilesFor MRI experiments, the images at different orien-
tations were first rotated in computer so that their articular
surfaces became parallel with each other and in exact
registration. Twenty parallel neighbouring columns of data
from the 2D-MR images were averaged to obtain the 1D
cross-sectional profiles presented in this report. Because
the averaging process occurs perpendicular to the tissue
depth, the spatial resolution of the 1D profiles along the
direction of the tissue depth is still 13.7 m. The errors in
the profile plots are the standard deviations calculated
using the commercial software IPLabY and KaleidaGraphY
(Synergy Software, Reading, PA) and represent the pixel
variations of the neighbouring columns.
For PLM experiments, each single column of data rep-
resents a width of 2.72 m in the tissue. For the images
from each histological section, parallel neighbouring col-
umns with the same width in the ROI as in the MRI profiles
were averaged to produce one 1D profile. The 1D profiles
from 10–14 histological sections from the same specimen
were then averaged to produce the 1D PLM profiles shown
here. The errors in the profiles in this report are the
standard deviations calculated from the commercial soft-
ware packages and represent the variation between the 1D
profiles from the separate sections of the same specimen.
The pixel resolution in the averaged PLM profiles along the
tissue depth is still 2.72 m.
The data for comparison were analysed using both the
Student’s t-test and ANOVA. Both statistical methods gave
nearly identical results. Hence, only the results from the
Student’s t-test (paired data with unequal variance) using
KaleidaGraphY were shown here.of the proton intensity in Fig. 4(a) are a strong function of
the tissue depth, the tissue orientation with respect to the
direction of the external magnetic field B0, and the amount
of the T2-weighting. Note that the width of the individual
lamina in MRI is poorly demarcated. The visual impression
of the bright and dark laminar bands in MRI depends
entirely upon the choice of the imaging acquisition and
display parameters. The solid arrows S1 and S1′ in Fig.
4(a) indicate the surface boundary lamina, which was only
a two-pixel-wide small-intensity dip at small T2-weighting(Proton 1) but became a much wider (and thus recogniz-
able) low-intensity lamina at large T2-weighting (Proton 3).
The T2 profiles in Fig. 4(b) also appear to be a strong
function of the tissue depth as well as the tissue orientation.
In particular, we noticed that for  not equal to the magic
398 Y. Xia et al.: MRI and histology correlation of cartilageFig. 5. (a) The enlarged plot of the first three proton profiles and the
T2 profile near the surface boundary at 1°. The vertical line at the
zero micron indicates the physical boundary between the tissue
and the surrounding saline. The first T2 pixel at the zero micron is
contaminated by the T2 of saline due to the curvature of the sample
surface. (The second T2 pixel may also be very slightly contami-
nated by the T2 of saline.) The solid arrows indicate the surface
boundary lamina S1 and S1′, where S1 was only two pixels wide
for Proton 1 Image but S1′ becomes much wider at larger
T2-weightings. The hollow arrows indicate the high intensity lamina
in the tissue. (b) The comparison of the two T2 profiles acquired
using two different sets of experimental parameters using the
same specimen C02. The solid circles were the profile acquired
using our standard parameters (TEi=8.862 ms; TEc=0, 16, 30,
60 ms); the open circles were the profile acquired using a second
set of parameters that was especially sensitive to small T2 values(TEi=5.134 ms; TEc=0, 1, 3, 16 ms).angles, both proton and T2 profiles have a distinct line
shape of an asymmetrically bell-shaped curve, a feature
that we used later in the correlation work. As we have
described earlier30, the cartilage tissue can be conceptually
divided, according to the T2 features in MRI, into three
featured regions, as follows. (1) In region 1 (about 0–60 m
tissue depth), the T2 in the tissue changes dramatically with
the orientation of the tissue in the B0 field. (2) In region 2(about 60–160 m that centred on the peaks of the T2
profiles), the T2 values in the tissue are less affected by the
change in the tissue’s orientation with respect to the B0
field. (3) In region 3 (about 160–600 m tissue depth), there
is a dramatic orientational dependence of the T2 profiles in
the tissue. Note that although this division of MRI regions
seems rather descriptive at this moment, we will develop a
set of quantitative criteria later in this report to analyse theshape of the T2 profiles. We will demonstrate that these
MRI regions based on the T2 features can in fact be
correlated with the histological zones with statistical signifi-
cance. (Note that the use of the phrase ‘MRI regions’ here
is to be consistent with our previous MRI studies16,30,31.
Once the correlation between MRI and histology based on
the same specimen is established, we will use the word
’zone’ to refer to both MRI zones and histological zones.)
Note that the T2 profiles in Fig. 4(b) do not start at the
depth of zero micron and also have different lengths at the
deep zone. The reason for the ‘missing’ tissue from the T2
profiles at the surface is due to the partial volume effect at
our microscopic resolution of 13.7 m, illustrated in Fig.
5(a). Because we used a precision glass tube in our MRI
experiments, the dimensions and location of our specimens
could be determined accurately. By examining all proton
and T2 images in the experiments, we found that the
two-pixel small dip (S1) in the proton image with the least
T2 weighting (Proton 1 with TEc=0) in Fig. 5(a) provides
the most accurate mark for the boundary between the
tissue and the saline. [This small dip is the faint thin line at
the surface marked by S1 in Fig. 3(a)]. With a stronger T2
weighting, however, the intensity dip at the boundary (S1′)
becomes much wider and can no longer be used to locate
the surface boundary accurately. As illustrated in Fig. 5(a),
there is an inward shift of the dip in Proton 2 and 3 (and 4,
not shown). This inward shifting of the specimen boundary
at different T2-weightings results in the enormous T2 values
for the first one or two pixels in the ‘tissue’. Considering
several bulk T2 measurements of cartilage30,37, these enor-
mous T2 values clearly did not arise from the cartilage
tissue. They could only come from the surounding saline,
which has a T2 in the hundreds of ms. Because the
cartilage from the shoulder joint has a rather significant
curvature over its 2D surface [see Fig. 2(b)], the specimen
does not have a completely flat surface within the 1 mm
imaging slice in MRI, even though we chose the flattest part
of the joint surface for the experiments. Because our MRI
has a transverse resolution of 13.7 m, a mere 1° curvature
of the sample over the 1 mm slice thickness, for example,
will produce a linear displacement of 17.5 m, which
traverses more than one transverse pixel in our micro-
scopic MRI experiments! Because the T2 of saline is much
larger than that of cartilage, even a small portion of
the saline in the voxel will result in a significant error in the
voxel-averaged T2. In addition, any tiny misalignment in the
MRI hardware such as the gradient coil and the sample
holder could also introduce similar error for the T2 near
the surface. Hence, the contamination of the T2 occurs
inside the cartilage tissue just beneath the articular surface.
For this reason, we carefully examine each profile to
exclude the contaminated values due to the partial volume
effect.
The origin of the ‘missing’ tissue from the T2 profiles at
the deep zone, which appears mostly apparent near 0°,
was investigated by imaging Plug C02 with a different set of
acquisition parameters (TEi=5.134 ms and TEc=0, 1, 3,
16 ms) to purposely detect the short T2 values in the tissue.
Because of the small TEc values, this second set of
acquisition parameters was only useful in detecting the
small T2 values but could not give accurate results at the
higher T2 values in the upper portion of the cartilage tissue.
Figure 5(b) shows the comparison of the two T2 profiles
acquired under two different sets of acquisition parameters
using the same tissue. It is clear that the deep part of
the cartilage tissue has very short T2 values—its value
Osteoarthritis and Cartilage Vol. 9, No. 5 399Fig. 6. The PLM intensity images of a unstained section from Plug C02 using the linear polarized light (a) and the circular polarized light (b).
The profile averaged over the width of 274 µm (=20 MRI pixels or 101 PLM pixels) from the linear polarized image is shown in (c). The wide
white arrowheads in the images point to the articular surface of the cartilage. The tidemark, which separates the radial zone and the calcified
zone, is visible from the image in (a) (the narrow white arrow) and the maximum peak of the intensity profile in (c). The white vertical line in
(a) indicates the location where there is no (bony) hole in the tissue. (We have used this criterion to determine the total thickness of the tissue
in all PLM images.) The distance between the wide and the narrow arrowheads in (a) is 566 µm. The distance between the white arrowhead
and the white vertical line in (a) is 622 µm.being approximately 4 ms at about 400 m to approxi-
mately 1.5 ms at about 520 m before the second set of
acquisition parameters become ineffective.the linear polarized light corresponds approximately to the
transitional zone in the tissue where the collagen fibres are
believed to be randomly orientated. Viewed under the
circular polarized light, by comparison, all birefringent
tissue elements appear bright, regardless of orientation.
(Note that the width of the bright and dark bands in PLM is
also poorly demarcated. The visual impression of the bright
and dark bands depends upon the choice of the image
acquisition conditions and display parameters.)
2D images of the angle and the optical retardation were
measured for all histological sections from each specimen
using the PLM technique described earlier in this report.
Figure 7 shows both the retardation and the angle results
from Plug C02. The retardation map shows that the optical
retardation in articular cartilage is a strong function of theTHE PLM RESULTS
All histological sections from each plug were examined
using the polarized light microscope. Figure 6 shows the
intensity images of one of the 11 unstained sections from
Plug C02. Because of the approximate 90° difference in the
collagen orientations in the superficial and radial zones, the
maximum contrast among the superficial/transitional/radial
zones occurs when the articular surface of the tissue is
about 45° to the transmission axis of the linear polarizer.
The portion of the tissue that appears most dark under
400 Y. Xia et al.: MRI and histology correlation of cartilageFig. 7. The 2D retardation image (a) and the angle image (b) of a histological section from Plug C02. The optical retardation and collagen
angle images were calculated for all 10–14 histological sections from each specimen. One profile was extracted from the central region of
interest from each histological section. The profiles shown in this figure were averaged from all histological sections from Plug C02. The pixel
resolution along the tissue depth is 2.72 m (only one in every ten pixels was plotted in the profiles). The error bars were the standard
deviations from the averaging of all histological profiles. The white arrow in (a) points to the tidemark which separates the radial zone and
the calcified zone.
Osteoarthritis and Cartilage Vol. 9, No. 5 401tissue depth. Our 2D retardation images from canine carti-
lage have a cross-sectional profile similar to the retardation
profiles obtained by Arokoski et al.9, except for one import-
ant difference. In many previous studies using polarized
light microscopy, the minimum retardation in the tissue
was assumed to be zero9,35. In fact, this zero-retardation
feature was used to piece together the two individual
measurements, one from the surface part of the tissue and
one from the deep part of the tissue, into one image9. In our
measurements, we calculate the 2D optical retardation
map quantitatively and pixel-by-pixel without any mechan-
ical adjustment. Our calculation shows that the retardation
never reaches zero in the transitional zone for our articular
cartilage from the canine shoulder joint. The background
retardation in our calculation was about 0.20±0.05 nm.
The minimum retardation in the tissue was about
1.02±0.23 nm.
The 2D angle map from our polarized light microscopy
has four noteworthy features: (1) the angle map, which
represents the pixel-averaged orientations of the collagen
fibres, shows that the collagen fibres have an 87° differ-
ence between the orientations in the surface and the deep
zones. This is very close to the well-known observation in
histology: the approximately 90° difference. (2) Outside the
tissue, the angle calculation for each individual histological
section returns an arbitrary value and the average among
the 10–14 histological sections from each specimen has a
large variation (the large errors on the left of the zero depth
in Fig. 7). When there are collagen fibres in the view, the
errors from the angle calculation become much smaller.
This sudden reduction of the error in the angle calculation
offers a clear marker to distinguish the background from the
tissue. (3) Although the errors in the angle calculation in the
transitional zone are slightly higher than the errors in
the deep zone, the angle profile in our calculation is a
continuous function through out the transitional zone. No
large fluctuation in the angle calculation was observed for
the transitional zone where the collagen fibres were
believed to be random. (4) From about 160 m onward,
although the retardation profile increases almost linearly
from the minimum to the maximum near the boundary
between cartilage and bone, the angle profile keeps rather
constant in this region.
It is known in histology that articular cartilage has a
tidemark when the stained specimens are viewed under
microscopes. This tidemark is a thin basophilic line in
histology representing the mineralization front of the calci-
fied zone and providing a boundary between the non-
calcified radial zone and the calcified zone38. This tidemark
is visible from the images of the histological sections [Fig.
6(a)] and represents the onset of the maximum peak at the
deep part of the intensity profile in PLM [Fig. 6(c)]. The
maximum peak of the retardation profile (Fig. 7) also
corresponds to the tidemark line in the intensity images in
PLM. The angle profile, however, remains relatively con-
stant throughout the entire calcified zone. This is consistent
with our understanding that the collagen fibres remain
largely perpendicular to the articular surface in the calcified
zone. For the Plug C02, the surface-to-tidemark distance
was 565.86 m for the histological section shown in Figs 6
and 7. The average of all surface-to-tidemark distances for
the total of 11 histological section from Plug C02 was
528.35±29.11 m.
Taken together, the angle map and the retardation map
from the polarized light microscopy allow several conclu-
sions to be drawn. (1) In the superficial zone at the
surface the zero degree orientation of the collagen fibrescorresponds to the medium-level retardation values in the
superficial zone. (2) In the middle of the transitional zone,
the retardation reaches a non-zero minimum. The collagen
fibres complete their transition from parallel to the articular
surface to perpendicular to the articular surface in this
zone. (3) In the radial zone, although the retardation values
increase gradually and almost linearly from the minimum in
the transitional zone to the maximum at the deep part of the
radial zone, the pixel-averaged collagen fibres keep a
relatively constant orientation (perpendicular to the articular
surface) throughout the entire deep zone. (4) The facts that
the retardation is not zero at the transitional zone and that
the angle is a continuous function in the transitional zone
suggest that the collagen fibres in the transitional zone are
not entirely random but have a residual order. (5) The
location where the tissue reaches the minimum order in
organization, represented by the minimum retardation,
coincides with the location of the maximum rate of change
of the collagen orientation with respect to the tissue depth,
represented by the near vertical (maximum) slope of the
angle profile. (6) The maximum peak of the retardation
profile at the deep part of the tissue represents the tide-
mark in the tissue. (7) To the best of our knowledge, the
division of cartilage into the histological zones has been
so far based on the image intensity (in PLM) or the
ultra-structures (in TEM or SEM), both descriptively and
qualitatively5,39. Our angle profiles offer, for the first time,
the direct means to subdivide the cartilage tissue into
histological zones, objectively and quantitatively.
We want to emphasize that the profiles of the optical
retardation and the angle from PLM (Fig. 7) were the
averaged profiles from a rectangular ROI that has the same
width as in the MRI plots. It is evident from Fig. 7(a) and
(b) that the articular surface of the cartilage at our optical
resolution (2.72 m) is not uniform. This non-uniform sur-
face results in small variations of the peak position of the
individual retardation and angle profiles at the surface.
Therefore, the peaks of the retardation profile as well as the
minimum of the angle profile at the surface of the tissue
does not occur at zero depth. In addition, because of the
variations between histological sections, the average pro-
files of the retardation and the angle at the surface are not
as sharp as those in the profiles of individual sections.CORRELATION BETWEEN THE TWO TECHNIQUES: MRI AND PLM
To achieve the ultimate goal of this study, the in situ
correlation between the results from non-invasive MRI
and from conventional PLM, a set of criteria was developed
in each imaging technique to characterize the features in
the quantitative measurements.
Our criteria to define the featured zones in MRI were
based on the asymmetrically bell-shaped T2 profile at 0°, as
follows. Because the lowest T2 values at the surface and
the deep regions were different (the deep region always
had lower T2), the half-peak point of the T2 profile was
calculated separately for each side of the peak and the
corresponding tissue depths were used to define the
boundaries and location of the transitional zone in the MRI
images (Fig. 8). The total thickness of the tissue from MRI
was based on the Proton 1 maps at 0° (to locate the
boundary between the tissue and the saline) and at the
magic angles (to locate the boundary between the tissue
and the bone). The superficial zone was therefore defined
from the surface boundary to the leading edge of the
transitional zone. The radial zone was defined from the
402 Y. Xia et al.: MRI and histology correlation of cartilageFig. 8. The criteria to define the boundaries and the locations of the
histological zones in MRI and in PLM (Plug C02). Two dash
vertical lines indicate the location and the thickness of the tran-
sitional zone based on the T2 profile in MRI (dash profile). Two
solid vertical lines indicate the location and the thickness of the
transitional zone based on the angle profile in PLM (the circles).
The solid profile is the hyperbolic fit of the angle profile.Table I
Zone measurements in PLM and MRI
Specimen Polarized light microscopy
thickness±S.D. (m)
Microscopic MRI
thickness±S.D. (m)
Superficial
zone
Transitional
zone
Radial
zone
Total
tissue
Superficial
zone
Transitional
zone
Radial
zone
Total
tissue
L11 15.73 97.06 472.57 585.4 29.400 99.00 447.10 575.4
C01 40.75 110.07 445.10 595.9 40.700 101.10 419.90 561.7
R11 41.94 109.49 450.24 601.7 51.700 97.90 494.30 643.9
L12 87.78 86.06 499.57 673.4 77.600 101.00 492.70 671.3
C02 55.02 118.99 447.90 621.9 75.800 109.00 431.70 616.5
R12 56.76 83.05 521.38 661.2 49.400 98.00 496.60 643.9
Mean±S.D. 49.7±23.8 100.8±14.4 472.8±31.5 623.24±36.4 54.1±19.2 101.0±4.16 463.7±34.9 618.8±42.8
t-probability − − − − 0.730 0.973 0.647 0.850
Notes: t-probabilities were from the Student t-test, comparing variances between the PLM results and the MRI results for each zone. S.D.
is the standard deviation from the average process.Fig. 9. The statistical comparison of the zone thickness for the
three zones as measured by MRI and PLM. The t-probabilities
are from the Student t-test.lower edge of the transitional zone to the bottom boundary
of the tissue. Therefore, the thickness and the location of
the transitional zone as well as the total tissue thickness
were independent measurements. The superficial zone
thickness and the radial zone thickness depended upon the
thickness and the location of the transitional zone, as well
as the total tissue thickness.
Our criteria to define the featured zones in histology
were based on the angle profile, as follows. Because the
subdivision of the tissue into histological zones depends
upon the location and the thickness of the transitional zone,
we have concentrated the analysis of the line-shape of the
angle profiles to the tissue from 0 m to 300 m, and found
that the following equation describes the angle profile of the
collagen fibres in cartilage in this region very well:
(r)=a(tanh((r−r0)/b)+c) (1)
where tanh is the hyperbolic tangent and r is the tissue
depth with zero at the articular surface. We have applied
this equation to all angle profiles and obtained satisfactory
fittings. For example, the fitting of the angle profile of Plug
C02 in Fig. 7 returned: r0=113.7 (the centre of the tran-
sitional zone from the articular surface, in micron), a=39.7(one-half of the orientational difference between the colla-
gen fibres in the surface and just beneath the transitional
zone, in degrees), b=26.9, and c=1.02. The correlation
coefficient of the fitting (the R value) was 0.99948. For each
angle profile, the depths at which the fitted angle had
changed by more than 1° were used as the boundaries of
the transitional zone of the histological section (Fig. 8). The
total thickness of the tissue from PLM was based on the
angle images, measuring from the articular surface to the
top of the lower boundary between the tissue and bone.
Similar to the MRI criteria, the thickness and the location
of the transitional zone as well as the total tissue thickness
were independent measurements. The superficial zone
thickness and the radial zone thickness depended upon the
thickness and the location of the transitional zone, as well
as the total tissue thickness. Note that our total tissue
thickness in PLM also includes part of the calcified layer in
histology. The reason we did not choose the tidemark as
the boundary for the total tissue thickness was to be
consistent with the MRI experiments where the tidemark
was invisible.
Based on these criteria, the cartilage zones of the PLM
images and the MR images were calculated for all six
samples and then averaged. The results are summarized in
Table I and Fig. 9, together with the t-probabilities from the
Student t-test analysis. This result demonstrates that the
Osteoarthritis and Cartilage Vol. 9, No. 5 403division of the zones based on our criteria has produced
significantly correlated mean values for the combined MRI
and PLM measurements. The quantitative correlation
between PLM and MRI is now established.
To test the possibility of correlating the proton intensity
images (the laminar appearance) and the histology, we
also applied the same criteria as described above to the
four proton intensity images. (In this case, we define the
zones of the MRI images based on the proton intensities.)
The results of the comparison with PLM are summarized in
Table II and Fig. 10, from which two conclusions can be
drawn. (1) Previously, in Figs 3(a) and 4(a), we have shown
that the proton intensity images and profiles are strongly
dependent upon the T2 weightings (the bi-and tri-laminar
appearances). The data in Table II quantifies the graphical
appearance of the cartilage laminae. For the superficial and
radial zones, the zone thickness increases progressively
from the least T2-weighted Proton 1 image to the most
T2-weighted Proton 4 image. At the same time, the thick-
ness of the transitional zone decreases progressively. (2)
At some particular combination of the MRI experimental
parameters (mainly due to the degree of T2-weighting),
there is a possibility of correlating the laminar thickness
with the histological zone thickness. For example, Proton 2
and Proton 3 gave marginally acceptable correlation for all
three laminar zones. However, the parameters in Proton 1
under-weighted the image intensity and the parameters in
Proton 4 over-weighted the image intensity. Therefore, if
one wants to use the laminar appearance from one proton
image, one never knows beforehand which combination
of the experimental parameters provides the correct
T2-weighting to allow the best correlation for all three
zones. (Note that the apparent tissue thickness decreaseswith increasing T2-weighting. All data in Table II was based
on the total tissue thickness from Proton 1, i.e., the best
possible case. Hence, the correlation between PLM and
MRI will be much worse if one wants to base such corre-
lation on a single T2-weighted proton image.) In contrast,
our T2-relaxation based criteria does not dependent upon
these experimental variables and conditions but on the
intrinsic molecular environment in the tissue.Discussion
THE RESIDUAL ORDER OF THE COLLAGEN ARCHITECTURE IN THE
TRANSITIONAL ZONE
A major difference among many studies of the collagen
structures in cartilage is whether the collagen fibres in the
transitional zone are organized (as in the models of
arcade7 or leaf-like6,40) or random5,41. At our finite voxel
resolutions (2.72 m transverse resolution and 6 m slice
thickness in PLM; 13.7 m transverse resolution and 1 mm
slice thickness in MRI), three pieces of data in this study
may provide some insight to the collagen architecture in
cartilage. (1) Our angle image from PLM (Fig. 7) demon-
strates that the orientation of the collagen fibres varies
continuously throughout the entire depth of the cartilage
tissue. Our data did not show a random orientation of the
collagen fibres in the transitional zone. (2) Although our
retardation profile reaches the minimum of the entire profile
at the middle of the transitional zone, the retardation never
reaches zero in the transitional zone. This suggests that
although the orientational order of the collagen fibres
becomes weaker towards the transitional zone, there is a
residual order in the transitional zone of the tissue. (3) Our
T2 profiles shows that there is a statistically significant
difference between the peak of the T2 profile at 0° and the
T2 profile at the magic angle. This is a subtle feature,
labelled as Gap a in Fig. 4(b). Considering the facts that T2
in the tissue reflects the anisotropy of the water molecules
modulated by the local order of the collagen fibres and that
a truly isotropic region should have constant T2 for all
orientations of the sample, this Gap a in the T2 profile offers
the additional evidence that there is a residual order of the
collagen fibres in the transitional zone.Table II
Zone correlation between MRI laminar appearance and histology
Images Superficial zone Transitional zone Radial zone
Thickness±S.D.
(m)
t-probability
with PLM
Thickness±S.D.
(m)
t-probability
with PLM
Thickness±S.D.
(m)
t-probability
with PLM
PLM 49.7±23.8 − 100.8±14.4 − 472.8±31.5 −
Proton 1 32.3±9.6 0.037 183.6±17.5 <0.0001 402.9±38.5 0.0009
Proton 2 43.3±14.6 0.210 109.5±14.0 0.308 466.0±31.7 0.547
Proton 3 46.9±17.6 0.421 93.9±8.1 0.326 478.0±31.8 0.673
Proton 4 55.7±18.8 0.0591 69.4±7.4 0.00257 493.7±30.9 0.128Fig. 10. The comparison of the zone thickness between the
laminar appearance of the proton images and the PLM results. The
t-probabilities from the Student t-test are summarized in Table II.THE INFLUENCE OF THE ANIMAL’S SPECIES ON THE RESIDUAL
ORDER OF THE COLLAGEN STRUCTURE
Although our T2 profiles from this set of experiments are
consistent among themselves and with our previous obser-
vations, the Gap a was never observed in our previous
experiments using the tissues from smaller beagles (about
404 Y. Xia et al.: MRI and histology correlation of cartilageCORRELATION OF THE CARTILAGE LAMINAE IN MRI WITH THE
HISTOLOGICAL ZONES
We know that the appearance of articular cartilage in MR
images reflects its complex extracellular structure and its
orientation in the magnetic field16. This appearance can
also be influenced significantly by a number of experimen-
tal conditions, especially the pulse sequence and its related
parameters. In addition, many site-to-site, joint-to-joint, and
species-to-species variations are known to exist in the
tissue and could have interesting and subtle influences on
the laminar pattern of cartilage in MRI16. It is therefore
difficult to define the normal appearance of cartilage in MRI
without knowing the precise set of experimental par-
ameters and protocols. Our results in this report show that
under certain conditions, the laminar thickness in MRI
could be somewhat correlated with the histological zones.
However, one has no way to know beforehand which
combination of parameters can produce a good correlation.
Hence, in general, the laminar bands in the proton intensity
images are not a reliable indicator for the histological zones
in cartilage. In contrast, our experiments, both MRI and
PLM are based on the quantitative measurements of the
fundamental properties of the tissue. Our images and
profiles from MRI (quantitative T2) and PLM (quantitative
retardance and orientational angle) reflect the molecular
environments and activities of the tissue. In addition, we
took extreme care in our experiments to use the same
tissue location for both MRI and PLM experiments.
Hence, our study shows that the MRI zones based on the
T2 characteristics are statistically equivalent in thickness
to the histological zones based on the collagen fibre
orientation.THE DIVISION OF THE HISTOLOGICAL ZONES
The subdivision of the cartilage tissue into histological
zones from the articular surface to the subchondral boneutilizes the morphological changes in the collagen matrix
(as well as these of chondrocytes). The percentage size
and appearance of these sub-tissue zones can vary among
species and among joints within the same species. How-
ever, the zone variation may have another source: our
inability to sharply define them (in conventional techniques,
either EM or PLM)4. In PLM, for example, although the
transitional zone is defined on the basis of a disordered
collagen structure in that zone, conventional PLM so far
has to rely on the intensity image as the basis of the zone
definition. Because the image intensity in PLM depends not
only on the averaged direction of the fibres but also on
some other properties of the fibres, neither the simple
intensity image nor the retardation image can be straight-
forwardly translated into an angle image of the fibre orien-
tation. In addition, the choice of several image-display
parameters such as the thresholds and contrast may also
introduce subjective errors in the zone division. Judging
from the intensity image in the polarized light micrograph
shown in Fig. 6(a), for example, the apparent thickness of
the transitional zone would be as much as 30–40% of the
total thickness.
In comparison, our PLM technique generates an angle
image directly from the specimen. The pixel values in the
angle image represent the overall orientation of the colla-
gen fibres in the specimen. The angle profile clearly
showed that the collagen fibres complete their 90° tran-
sition from being perpendicular to parallel to the articular
surface within about 17% of the tissue thickness [Fig. 7(b)].
We consider the angle image to be the accurate basis of
the zone subdivision in histology. Because some recent
biological and mechanical studies42,43 showed that the
zone organization has functional importance, a more
accurate and less subjective recognition of the individual
histological zones becomes even more important.Conclusion
In summary, the results in this report are unique in three
aspects. First, in contrast to most clinical MRI studies of
cartilage for which the imaging resolution is about several
hundreds of microns or poorer, our transverse resolution is
13.7 m across the depth of the cartilage tissue. To our
knowledge, our resolution is the highest spatial resolution
that has been achieved in the studies of articular cartilage.
This microscopic resolution enables us to examine the
tissue properties in individual histological zones in cartilage
non-invasively and at microscopic resolution. The MRI
results in this report demonstrate that T2 relaxation is a
sensitive and non-invasive MRI marker to study the tissue
structure and molecular interactions in articular cartilage.
Second, in contrast to most histological studies of carti-
lage using either EM or PLM for which the division of the
zones is descriptive and subjective, we have used the
digital imaging technique in PLM to construct, in two
dimensions, not only the optical retardation of the specimen
but also the angular orientation of the collagen fibres in the
tissue. Our quantitative results in PLM confirm the general
understanding that the collagen fibre orientation has a
difference of approximately 90° between the superficial and
radial zones. We demonstrated that the collagen fibres in
the transitional zone have a residual order and that the
tidemark line in histology corresponds to the retardation
peak at the deep part of the tissue. The location where the
tissue reaches the minimum order in organization, repre-
sented by the minimum retardation, coincides with the20 lbs)31. That is, there was always a region in the T2
anisotropic profiles where the T2 value changed little with
the orientation of the tissue in the magnetic field for the
tissues from beagle shoulders. (This isotropic region was
labelled as Region 2 in the previous study and was consid-
ered possibly to be the transitional zone in histology31.) In
this set of experiments that used a much heavier dog
(about 100 lbs), a statistically significant difference (Gap a)
always exists between the peak of the T2 profile at 0° and
the T2 profile at the magic angle in all samples. We have
considered, in the above, that this Gap a in the T2 profiles
may reflect the residual order of the collagen fibres in the
transitional zone. Since the beagles and dogs in these
studies were approximately the same age, our data sug-
gests that the species and body weight of the animals could
also influence the anisotropic structure of the cartilage.
In addition, we noticed that the T2 values in the super-
ficial zone of the tissue were about twice as high as these
in the radial zone [Fig. 4(b)], while the retardance values
(the surface peak) at the superficial zone were about
one-half of those at the radial zone (Fig. 7). If we assume
that the collagen fibres at the superficial zone and the radial
zone have approximately the same degree of order, the T2
and retardance difference could be accounted for by the
difference in the diameters and sizes of the collagen fibres
as well as their packing densities in the superficial zone and
in the radial zone.
Osteoarthritis and Cartilage Vol. 9, No. 5 405location of the maximum rate of change of the collagen
orientation with respect to the tissue depth, represented by
the near vertical slope of the angle profile.
Finally, the correlation between the MRI results and the
PLM results were established quantitatively using the same
tissue specimens, which offers the first opportunity to
describe the combined features of the MRI and PLM
results. We have observed that the gradual loss in MRI
signal in the tissue corresponds, in location, to the gradual
increase of optical retardation in the tissue. We have
noticed that the peak of the T2 profile at 0° coincides with
the minimum of the retardation profile, both represent the
most isotropic region of the tissue. We have found that the
transition of the collagen fibres in the transitional zone of
cartilage can be theoretically described by a hyperbolic
tangent function. We have developed a set of criteria to
define the zones in the tissue for both the MRI results and
the PLM results. Our criteria offer, for the first time, an
objective means to subdivide the zones in both MRI and
PLM. Applying these criteria to our data has yielded stat-
istically significant agreement between the zones in MR
images and in PLM images. Just as non-calcified cartilage
can be conceptually subdivided based on the orientation of
the collagen fibres into three distinct structural zones in
histology, a cartilage can also be subdivided based on the
regional characteristics of the T2 relaxation in NMR into
three structural zones. We show that MRI can generate
definitive characteristic profiles of the tissue and new
information that elucidates fundamental mechanisms in
cartilage at the molecular level non-invasively. A deeper
understanding of the fundamental mechanisms will in turn
guide clinical research and practice.Acknowledgments
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